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Objectives. The purpose of this study was to determine the influence of the number of repetitions as a risk factor in promoting a cumulative low back disorder in the feline model.
Summary of Background Data. Epidemiologic data point out that the increased number of repetitions of static lumbar loading is a major risk factor in the development of cumulative low back disorder. Biomechanical and physiologic confirmation of the epidemiology is lacking. Recent work demonstrated that repetitive static loading results in accumulation of creep in the lumbar viscoelastic tissues, resulting in a neuromuscular disorder consisting of spasms during loading and hyperexcitability of lumbar muscles during following rest. It was also shown that the load magnitude is a major risk factor. It is hypothesized that increased number of repetitions of static load periods result in increased severity of the resulting neuromuscular disorder Methods. Static lumbar flexion of 10 minutes duration followed by 10 minutes rest was repeated three times in one experimental group, six times in the second, and nine times in the third group. In all groups, the creep developing in the lumbar viscoelastic tissues as well as the reflexive EMG from the multifidus were monitored during the flexion/rest periods and throughout a 7-hour recovery period after the repetitions.
Results. Creep developed and accumulated during each of the flexion/rest periods in the three experimental protocols, with larger residual creep at the end of the nine repetitions. A residual creep was still present at the end of the 7 hours of recovery allowed in each of the three groups. During the flexion/rest sessions, EMG spasms were present, and the presence of an initial hyperexcitability was detected during the 7 hours of recovery in all the preparations. The presence of a delayed hyperexcitability was revealed only in the group subjected to nine flexion/rest periods, while it was not observed in the groups subjected to three and six flexion/rest repetitions. The statistical analysis (post hoc Fisher test) performed on the normalized integrated EMG and displacement data during the recovery phase showed a significant difference between the nine repetitions group and the other two groups (P Ͻ 0.0001). The two-way ANOVA analysis revealed a significant effect of time (P Ͻ 0.005) and number of repetitions (P Ͻ 0.0001) on all considered parameters.
Conclusions. It was concluded that a cumulative neuromuscular disorder develops because of repetition of static lumbar flexion, and the severity of the disorder provoked is magnified by the number of repetitions. Despite the highly favorable 1:1 work-to-rest ratio and the 7-hour post loading rest period, a full recovery of creep was not obtained in this study. The epidemiologic literature points out that occupational activities requiring routine static loading of a joint constitute a risk factor for the development of cumulative trauma disorders (CTDs). [1] [2] [3] [4] While the loads sustained by the joints in each session of static activity are well within the physiologic range of the tissues, the cumulative effects of each session over the workday, over weeks and years, is thought to exceed the physiologic limits and elicit a disorder characterized by chronic pain, weakness, muscle spasms, and classified as disability. 5 One of the components having a pronounced effect on this risk factor was the number of repetitions of the static loading within a workday. 1 Workers performing activities requiring more static loading periods every day reported with significantly higher incidents of disability when compared with workers performing fewer such periods every day. Biomechanical and physiologic validation of the epidemiologic data is lacking.
Our earlier work 6, 7 on this subject demonstrated that periods of static flexion of the lumbar spine induced creep (laxity) in the various viscoelastic tissues (ligament, discs, facet capsules, dorsolumbar fascia, etc.). The creep induced did not fully recover during an equally long rest period and resulted in accumulation of a large amount of creep when the loading was repeated several times. 8 Therefore, if the creep does not fully recover overnight, the worker starts a new workday with a residual creep from the pervious day. As time goes on, the residual creep may accumulate from day to day and at some point exceed the physiologic limits and trigger the CTD. The literature also indicates that creep of viscoelastic tissues induces microdamage in the collagen fibers 9 as well as the associated acute inflammation, which represents an attempt of healing of the damage. 10 Indeed, we confirmed that acute inflammation was present in the ligaments 2 hours after a 20-minute static lumbar flexion and peaked 6 hours after the static lumbar flexion was terminated. 6 The literature supports the assertion that acute inflammation, which is not allowed to heal by repeated exposure of the tissues to additional creep, may result in a chronic inflammation and disability. 10 -13 To date, we investigated the effects of the load magnitude 14 and load duration 15 as risk factors for cumulative low back disorder using the feline model and also obtained confirmation in humans for the lumbar spine ligaments 16 and for the anterior cruciate ligament of the knee. 17 The resulting data indeed confirm the epidemiology. It is still biomechanically unknown if increased number of repetitions, shorter rest duration, and higher work to rest ratios are risk factors as pointed out by the epidemiology.
Since the number of repetitions of static loading of a joint performed daily was shown to be a risk factor, we wish to obtain biomechanical and electromyographic data to support the epidemiologic data. We hypothesize that the increased number of repetitions of static loading will develop larger cumulative creep in the lumbar viscoelastic tissues and that such larger cumulative creep will leave a larger residual creep at the end of 7 hours of rest following a series of static flexion/rest session. We also expect that a more intense neuromuscular disorder will be elicited by increased number of repetitions of static load periods.
Materials and Methods
Preparation. Nineteen adult cats (4.31 Ϯ 0.37 kg) were anesthetized with a single intraperitoneal injection of chloralose (60 mg/kg) in a protocol approved by the Institutional Animal Care and Use Committee. The skin over the lumbar spine was dissected from the thoracic level to the sacral level and allowed to retract laterally to expose the dorsolumbar fascia. After dissection, the preparation was placed in a rigid stainless steel frame that allowed the isolation of the lumbar spine by external fixation (discussed in the next section). A gauze pad soaked with saline was applied over the incision during the experiment to prevent the exposed tissue from drying. Three groups were used: the first subjected to three load/rest sessions (N ϭ 6), the second group subjected to six load/rest sessions (N ϭ 7), and the third subjected to nine load/rest sessions (N ϭ 6).
Instrumentation. Three pairs of stainless steel fine wire EMG electrodes were inserted via hypodermic needles into the multifidus muscles of the L3-L4, L4 -L5, and L5-L6, on the right side, 5 to 6 mm from the midline. The wire electrodes were insulated except for a 1-mm exposed tip and the interelectrode distance of each pair was 3 to 4 mm. A ground electrode was inserted in the gluteus muscle. Each electrode pair constituted the input to a differential amplifier of 110 dB common mode rejection ratio, a gain capability of up to 200,000, and a band pass filter of 6 to 500 Hz. The EMG response from each channel was monitored on oscilloscopes and stored in a computer at a sampling rate of 1,000 Hz.
An "S" shaped stainless steel hook was inserted around the middle part of the L4 -L5 supraspinous ligament and connected to the vertical actuator of a Bionix 858 Material Testing System (MTS, Inc, Minneapolis, MN). The load was applied by the MTS actuator with a computer-controlled loading system operated in a load control mode. The vertical displacement of the actuator and the load cell output incorporated in it were also sampled into the computer along with the EMG data.
Two external fixators were used to isolate the lumbar spine: a first fixator to the L1 posterior spinal process and a second fixator to the L7 process. The external fixation was intended to limit the elicited flexion to the lumbar spine and to prevent interaction of thoracic and sacral/pelvic structures. The intention of the external fixation was not, however, to prevent any motion. A diagram describing the set up is shown in a previous report.
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Protocol. The stainless steel hook applied to the L4 -L5 supraspinous ligament was pulled up by the MTS actuator from a resting position to create lumbar flexion with a constant load of 40 N (which was determined in previous work 18 to be in the middle of the physiologic range) for a 10-minute period. Afterward, the load was fully removed, allowing 10 minutes in the resting position. Three such load/rest periods were applied to the first group for a total cumulative loading in the static flexion time of 30 minutes. Six such load/rest periods were applied to the second group for a total cumulative loading in static flexion time of 60 minutes. The third group was subjected to nine load/rest periods with cumulative load time of 90 minutes.
During the 7 hours of rest following the completion of the load/rest sessions, 8-second tests were performed to assess vertical displacement (and creep) and EMG recovery. Tests were applied after 10 minutes of rest, 30 minutes of rest, 60 minutes, and each hour thereafter. Each 8-second test consisted of a 6-second linear increase in load to 40 N followed by 2 seconds constant load of 40 N. The 8-second tests were recorded in 12-second windows triggered by the computer at the appropriate time. The spine remained unloaded between the specified tests (typical tests, Figure 1 ). The slow linear rate of increase in load over 6 seconds was used to avoid inflicting damage to the ligaments, as is known to occur with the exposure to a sudden or fast stretch. 19 Similarly, the load was increased linearly to 40 N in the initial 6 seconds of each of the 10-minute loading periods in the three experimental groups.
Analysis. Windows of electromyogram (1.5-second), static load applied to the spine, and vertical displacement at the L4 -L5 supraspinous ligament were sampled immediately at the beginning of the loading period, and every 20 seconds thereafter for each 10-minute static loading periods, as well as for each of the short tests in the recovery period. Each electromyogram sample was full wave rectified and integrated over the 1.5-second window and normalized with respect to the value obtained from the first window of the first 10-minute period. The normalized integrated EMG (NIEMG) of all the preparations subjected to the same load at the respective window was pooled, and the mean and standard deviation was calculated and plotted on a NIEMG versus time plot for each of the preparations.
Displacements of the respective window of all preparations subjected to the same load were pooled, and the mean (Ϯ SD) was calculated and plotted as displacement versus time plot.
Model. The model considered is based on our previous work
where continuous 20-minute static load was followed by a 7-hour recovery period. 6, 20 The NIEMG during the static loading period was described as follows:
Where: NIEMG 0 is the steady state amplitude A is the amplitude of the exponential component; T 1 is the time constant of the exponential component; and t is time. Similarly, the NIEMG during the long-term recovery was modeled as:
Where: B, C, and E are the amplitudes of each of the three terms. tBe Ϫt/T2 represents the initial transient hyperexcitability, which decays within 1 hour while reaching its peak in the first 10 minutes.
C(t-T d )e Ϫ (tϪTd)/T4
represents a delayed hyperexcitability, this term is initiated during the rest period, mostly after the second hour of rest, having no effect in the first 2 hours.
E(1-e Ϫt/T3 ) represents the steady state recovery; this term is a slowly rising exponential throughout the rest period.
T d is the time delay associated with the initiation of the delayed hyperexcitability.
NIEMG 0 is the steady state amplitude as defined in Equation (1) .
In order to convert Equations (1) and (2) to describe a series of work periods spaced by rest periods, two new time components are defined:
T w -is the time period over which work (or load) was performed (or applied) by/to the spine.
T R -is the period of rest between any two work periods (T w ). Equation (1) describing the NIEMG behavior during each of the work periods is rewritten as:
It was assumed that A and NIEMG 0 are not constant throughout the work/rest sessions, i.e., A and NIEMG 0 are changing from one work period to the next. It was also assumed that T 1 may not be the same for all the work periods.
Since this study uses only 10 minutes of rest, the first transient component of Equation (2) will be dominant and the steady state component contribution as well as the delayed hyperexcitability term could be neglected for this particular case. During the rest periods, therefore, the modified equation is as follows:
It was also assumed that the amplitudes of NIEMG 0 and B will vary from one rest period to the next and that T 2 may vary as well. Similarly, the equation describing the development of displacement (and indirectly creep in the viscoelastic tissues) during a series of work periods spaced by rest periods is given by,
Where: The recovery of the displacement during the rest periods is described by:
where R is the residual creep at the end of each rest session and T n6 is the time constant governing the recovery of the creep in each rest session. Again, D 0 , D L , and R were assumed to be variable from one work/rest session to the next. T n5 and T n6 were also assumed to vary from one work/rest session to the next.
The long-term recovery after the work/rest sessions was modeled by Equation (2) .
Once the mean Ϯ SD of the experimental data were calculated, attempts were made to generate the best fit models described above using the Marquardt-Levenberg nonlinear regression algorithm; in some cases, the algorithm failed to converge satisfactorily; in these cases, initial and/or final values were arrived at by sequential recursive iteration, optimizing for regression coefficient.
To test for the effect of the three protocols adopted (three, six, nine flexion/rest repetitions) on all the NIEMG and displacement at the three lumbar levels explored (L3-L4, L4 -L5, and L5-L6), a Fisher post hoc test was adopted, and the level of significance was set to P Ͻ 0.05. Furthermore, a two-way analysis of variance (ANOVA) was performed to assess the effect of time post loading and repetitions on the recovery of the NIEMG and the displacement.
Results
A typical recording from a preparation subjected to six sessions of load/rest followed by a 7-hour recovery period is presented in Figure 1 . The bottom row shows the six 10-minute constant load sessions applied to the L4 -L5 joint of the lumbar spine, each followed by a 10-minute rest as well as the short constant load tests during the 7-hour recovery period. The row above shows the displacement response to each constant load session, demonstrating a gradual increase in displacement (creep) during each 10-minute load session and from session to session. During the 7-hour recovery period, a gradual decrease in peak displacement is observed indicating that the lumbar viscoelastic tissues are recovering toward their resting length. The reflexive EMG from the L3-L4, L4 -L5, and L5-L6 multifidus muscles are shown in the top three rows. Note the randomly appearing large amplitude spasms (unpredictable EMG discharge) superimposed on the generally decreasing EMG with time.
Figures 2, 3, and 4 show the mean (Ϯ SD) of the pooled data from all the preparations subjected to three, six, and nine sessions of flexion/rest, respectively.
For the group subjected to the three flexion/rest protocol (Figure 2 ), the mean initial displacement for the first 10-minute session was 12.199 mm. At the end of the first working session (10 minutes), the displacement reached a mean value of 16.657 mm, resulting in a mean creep of 36.54%. After the first rest period, a residual mean creep of 23.86% was present. At the end of the two following working periods, the displacement was 18.029 mm, corresponding to a mean cumulative creep of 47.79%. During the recovery period (7 hours), a gradual decrease in the displacement was observed, reaching a mean final value of 14.384 mm, which corresponds to a mean residual creep of 17.91%.
In the six flexion/rest group (Figure 3 ), a displacement of 9.352 mm was found at the beginning of the first working session. At the end of the first 10 minutes of flexion, the mean displacement was 16.25 mm, corresponding to a mean creep of 73.77%. The first rest period resulted in a decrease of the mean creep to 48.4%. The mean creep accumulated over the following flexion/ rest periods to a final value of 113.19%. The 7-hour recovery period allowed the mean creep to decrease to 42.8%.
The nine flexion/rest group ( Figure 4) showed a mean displacement of 8.766 mm at the beginning of the first 10-minute flexion, increasing to a mean value of 12.98 mm at the end of the first working session. The correspondent mean creep developed was 48.07%. During the first rest period, the creep decreased to a mean value of 33%. During the following work/rest sessions, the displacement gradually increased up to a mean final value of 16.356 mm, corresponding to a mean cumula- tive creep of 86.58%. At the end of the 7-hour recovery, the mean displacement decreased to a final value of 10.794 mm, corresponding to a mean residual creep of 23.13%. Full recovery of creep was not observed in any of the preparations for any of the three protocols adopted.
For the three flexion/rest group, the NIEMG computed during the first flexion session decreased to a mean value of 0.698, 0.610, and 0.430 in the L3-L4, L4 -L5, and L5-L6, respectively. The NIEMG partially recovered during the first 10-minute rest to a mean value of 0.813, 0.831, and 0.732 for L3-L4, L4 -L5, and L5-L6, respectively. During the following working sessions, the mean NIEMG gradually decreased to final values of 0.351, 0.293, and 0.140 at the three lumbar levels explored. In the first 10 minutes of the 7-hour recovery, a sharp increase in the NIEMG was revealed, with mean values of 0.659, 0.652, and 0.520 for the three lumbar levels. Then, a moderate decrease in NIEMG was observed and that was followed by a slow recovery. Thereafter, the NIEMG increased to a final value of 0.891, 0.919, and 0.834 at L3-L4, L4 -L5, and L5-L6, respectively, at the end of the 7 hours of rest.
In the group subjected to six flexion/rest periods, the mean NIEMG decreased to 0.536, 0.645, and 0.602 in the L3-L4, L4 -L5, and L5-L6 multifidus, respectively, at the end of the first 10-minute session. The first 10 minutes of rest allowed recovery to 0.705, 0.817, and 0.695 in the L3-L4, L4 -L5, and L5-L6, respectively. The following flexion/rest sessions resulted in a further gradual decrease and partial recovery, ending with a final mean NIEMG of 0.227, 0.231, and 0.199 for the L3-L4, L4 -L5, and L5-L6 multifidus, respectively. During the 7-hour recovery period, the mean NIEMG increased in the first 10 minutes of rest to 0.629, 0.683, and 0.559 in the L3-L4, L4 -L5, and L5-L6, respectively. Afterward, a slight decrease in the NIEMG was observed, which was followed by a steady gradual increase, ending with a mean value of 0.841, 0.864, and 0.787 in the L3-L4, L4 -L5, and L5-L6, respectively, at the end of the 7 hours.
In the nine flexion/rest preparations, the NIEMG decreased during the first flexion period to a mean value of 0.776, 0.681, and 0.562 in the L3-L4, L4 -L5, and L5-L6, respectively. The NIEMG partially recovered during the first 10-minute rest to a mean value of 0.816, 0.871, and 0.81 for the three different lumbar levels considered. The NIEMG gradually decreased during the following flexion/rest sessions. It should be noted that the decrease in NIEMG was steeper up to the fourth load/rest session, after which a plateau was reached. The final value of the mean NIEMG at the end of the nine flexion/rest sessions was 0.387 at L3-L4, 0.331 at L4 -L5, and 0.240 at L5-L6. The beginning of the 7 hours of recovery was characterized by an initial increase in the mean NIEMG to 0.879, 0.776, and 0.661 for the three different lumbar levels. This was followed by a relatively constant mean NIEMG during the first hour of recovery. Thereafter, a continuous increase was observed, and at the second hour of recovery the mean NIEMG values were near or above the preload values (1.162 for L3-L4, 1.066 for L4 -L5, and 0.941 for L5-L6). At the end of the 7-hour recovery, the NIEMG was nearly doubled with respect to the preload value (2.037, 1.691, and 2.152 at the L3-L4, L4 -L5, and L5-L6, respectively). Tables 1, 2 , and 3 provide the values of the best fit model constants fitted to the experimental data and the models themselves are also superimposed on the mean (Ϯ SD) of the experimental data shown in Figures 2, 3 , and 4.
In Table 1 , the model parameters for the three flexion/ rest protocol are reported. The parameter A n was fairly constant during the three working sessions at the three lumbar levels considered, while T n1 decreased throughout the three sessions. Namely, T n1 decreased from 3.7 to 2.7 at L3-L4, from 2.7 to 1.5 at L4 -L5, and from 2.6 to 0.9 minutes at L5-L6. The NIEMG 0n of the L3-L4 multifidus decreased from 0.656 to 0.343, while the decreases in the NIEMG 0n at L4 -L5 and L5-L6 were from 0.598 to 0.293 and from 0.418 to 0.141, respectively. During the rest period, B n was constant except for the L3-L4 level, where a slight increase of this parameter was observed. NIEMG 0 demonstrated a decrease and T n2 was constant at 9 to 11 minutes. According to the displacement model, the time constant T n5 is nearly constant at 2.7 minutes over the three work sessions. D 0n increased and D Ln decreased. During the rest periods, the time constant T n6 was constant at 2 minutes, while D 0n increased, and D Ln and R n showed a decrease from session to session. Similar results were obtained for the models associated with the six and nine load/rest protocols during the flexion/rest sessions, as reported in Tables 2 and 3 . A difference was found for the A n value, which progressively decreased from session to session. According to the model developed for the NIEMG in the 7 hours of recovery, the delayed hyperexcitability had dismal effect on the models for the three and six flexion/rest repetitions. The constant C was 0.0001 in both groups, while the time constant T 4 ranged from 250 and 300 minutes for the groups subjected to three and six flexion/rest repetitions, respectively. The time constant T d was 300 to 350 minutes for the three flexion/rest and 450 minutes in the six flexion/rest group. Differently, in the nine flexion/rest group the constant C ranged between the values of 0.0035 and 0.005, that was above 35 to 40 times larger than what was found in the other two groups, indicating that in this last group the effect of the delayed hyperexcitability was pronounced. The time constant T d was shorter (between 210 and 250 minutes), and T 4 was longer (500 minutes), indicating an earlier and long lasting delayed hyperexcitability.
The models developed were in good agreement with the experiment data, resulting in R 2 valued of 0.9 or above except in few cases resulting from the presence of random, unpredictable spasms interrupting the smooth changes in the EMG discharge. The difference observed between the groups subjected to three and six flexion/rest repetitions compared to the Rest Periods nine flexion/rest protocol during the recovery period was further confirmed to be significant by the results of the statistical analysis. For the NIEMG and displacement data, the post hoc Fisher test revealed a significant statistical difference between the three repetitions and the nine repetitions protocols (P Ͻ 0.0001). The comparison between the same data of the six repetitions and the nine repetitions protocol also show a significant difference (P Ͻ 0.0001). The statistical difference was present at any of the lumbar levels inspected (L3-L4, L4 -L5, and L5-L6). No statistical difference was indeed found either in the NIEMG or the displacement data between the three and the six repetitions protocols. Finally, according to the two-way ANOVA analysis, a significant effect of time (P Ͻ 0.005) and number of repetitions (P Ͻ 0.0001) was found for all considered parameters (NIEMG L3-L4, NIEMG L4 -L5, NIEMG L5-L6, and displacement) during the recovery phase, indicating that the NIEMG and displacement were changing with time and progression of repetitions.
Discussion
The main objective of this study was to assess if the number of static load repetitions is a risk factor in CTD development. The results show that the number of repetitions plays a major role in creep development and EMG changes overtime. A neuromuscular disorder was present despite a highly favorable 1:1 work-to-rest ratio. The disorder developed was more pronounced as the number of repetitions increased. Moreover, the effect of repeated static load on creep accumulation was as well confirmed in this study, and a residual cumulative creep was still present after 7 hours of rest in all the preparations. The neuromuscular disorder in response to lumbar static load was of a multifactorial pattern consisting of an initial EMG decrease associated with the presence of randomly appearing spasms, 6, [21] [22] [23] [24] followed by an initial (transient) and a delayed hyperexcitability.
The impact of he number of repetitions on the development of a neuromuscular disorder is clearly evident Rest Periods from Figure 5 where the mean curves and associated models of NIEMG of L3-L4, L4 -L5, and L5-L6 during the 7 hours of recovery are shown. Many relevant differences were revealed between the nine repetitions protocol compared with the three and six repetitions protocols. Visual inspection by itself confirms that a great difference is perceivable between the three and six repetitions as compared with the nine repetitions protocol curves, especially when considering the delayed hyperexcitability. Following the NIEMG modeling results, the peak of the initial hyperexcitability detected at the beginning of the rest period was slightly, but not statistically, different between the three-six to nine repetitions, the greatest difference being evident between three-six and nine repetitions at the L3-L4 level, where the NIEMG peak ranged among the values of 0.658, 0.625, and 0.850 in the three, six, and nine repetitions protocols, respectively. Accordingly, the constant B, governing the amplitude of the initial hyperexcitability, did not change significantly among the three different protocols at any of the lumbar levels examined, as reported in Tables 1, 2 , and 3. Conversely, the time constant T 2 increased as the number of repetitions progressed. Namely, T 2 was 10 minutes for the three repetitions protocol, and between 14 and 15 minutes in the six repetitions protocol; on the other hand, in the nine repetitions, protocol T 2 ranged between the values 15 and 19 minutes. Because shorter time constants reflect a faster but short lasting rise of the initial hyperexcitability amplitude, 7 the longer T 2 observed for the six and nine flexion/rest protocols suggests that a slower but longer lasting initial hyperexcitability is taking place. The initial hyperexcitability has been referred to as an attempt by the muscles to reflexively prevent or limit further damage to the viscoelastic structures by stiffening of the joints. 6, 7, 18, [22] [23] [24] [25] As the number of repetitions increases, this protective mechanism is stronger and lasts longer, thus suggesting that a more severe microdamage in the viscoelastic tissues was present.
Displacement During Recovery
The relevance of the number of repetitions on cumulative low back disorder development is becoming more evident as suggested by the results obtained for the delayed hyperexcitability. As shown in Figure 5 , the delayed hyperexcitability was not evident during the 7 hours of recovery in the three and six flexion/rest protocols. The NIEMG demonstrated a distinct peak of the initial hyperexcitability during the first hour of rest in these two groups. A consistent different behavior was observed in the nine repetitions protocol, where the initial recovery of the NIEMG was not characterized by a sharp peak. In this group, after the peak of initial hyperexcitability was reached, the NIEMG remained nearly constant, then slowly rose above that value. Two hours after the recovery started, the NIEMG achieved or even exceeded the preload value of 1.0 at any lumbar level (1.162, 1.066, and 0.941 at L3-L4, L4 -L5, and L5-L6, respectively). The related NIEMG model developed for the nine repetitions protocol shows that the constant C was 35 to 40 times larger than what was found in the three and six repetitions protocols, thus indicating an earlier onset of a stronger delayed hyperexcitability. Moreover, the time constant T 4 in the nine repetitions group was the longest found among the three protocols adopted (500 minutes). The delayed hyperexcitability is closely related to the developing inflammatory response occurring as a consequence of the microdamage affecting the viscoelastic structures. 6, 7 Nevertheless, the inflammatory response via the bloodstream requires several hours, 26 and the longer time constant T 4 found in the nine repetitions group further stands for a slower and long lasting recovery of the NIEMG as a more severe disorder was induced in this group. The lack of a pronounced delayed hyperexcitability suggests that inflammation did not develop in the three and six repetitions protocols.
On the basis of previous findings, 25 a prediction on the time needed for full recovery after 20 minutes of static load applied to the lumbar spine was identified to be longer than 24 hours. According to the results for the nine repetitions protocol, namely, the T 4 value, this period is even longer because of the severity of the neuromuscular disorder elicited.
Finally, the impact of the number of repetitions on the development of CTD is further stressed while considering the final NIEMG value found at the end of the recovery period. Namely, in the three and six repetitions protocols, the final NIEMG was very close but not higher then 1.0 (preload value) at any lumbar level (Figures 2,  3) . Conversely, in the nine repetitions protocol, the final NIEMG was nearly doubled when compared with the preload one, reaching a final value of 2.037, 1.691, and 2.152 at L3-L4, L4 -L5, and L5-L6, respectively, to further underline the relevance of the number of repetitions as a risk factor in CTD development.
These results were supported by the statistical analysis. The post hoc Fisher test performed on the postloading data confirmed that a significant difference (P Ͻ 0.0001) was present between three to nine and six to nine repetitions protocols for all considered parameters (NIEMG L3-L4, L4 -L5, and L5-L6, and displacement), while the comparison between the values obtained for the three and six repetitions protocols failed to show any significant difference. Furthermore, according to the ANOVA analysis, the effect of time and number of repetitions (P Ͻ 0.005 and P Ͻ 0.0001, respectively) on the recovery of the NIEMG and the displacement was significant. Following these results, the effect of repetition of lumbar flexion on the neuromuscular disorder development found previously both on humans 16 and feline preparations 6, 7, 24 was confirmed. Once again, the number of repetitions turned out to be a significant factor in determining the severity of the CTD developed as a consequence of the static load applied to the lumbar spine. The new findings provided by the present study highlight the impact of the number of repetitions as a risk factor in low back disorder development, while the combined effect of the number of repetitions and load magnitude 2,4,27 is another important issue to be considered. The 1:1 work-to-rest ratio is very favorable, and the 7-hour recovery period was still not enough to allow a complete recovery of creep in any of the preparations, even if the load magnitude imposed (40 N) was well in the mid-physiologic range. Increasing the number of repetitions was leading to a more severe neuromuscular disorder. Most important, and very interestingly, on the basis of our results, it can be reasonably argued that a break point is likely to exist over which a significant neuromuscular disorder is elicited. It appears that, at least in the protocol adopted in the present study, this break point is present between six and nine repetitions. When this target value is exceeded, the physiologic reflexive muscular response promoted by the fast and slow adapting receptors 28 -30 is replaced by the onset of a CTD, probably a chronic disorder manifesting itself with a more pronounced delayed hyperexcitability and an unpredictable very slow recovery. Although these data were obtained on feline preparations, they seem to confirm what already found according to epidemiologic 31 and experimental human studies. 32, 33 In a recent work, 14 the impact of increasing load magnitude as a risk factor in developing a more severe cumulative low back disorder has been shown. In that study, a six repetition protocol was used at different loads (20 N, 40 N, and 60 N), and significant changes in the delayed hyperexcitability were noted at the highest load (60 N). Therefore, an additional risk factor was identified in the present study, consisting of the number of repetitions. Another relevant factor to be considered for CTD development is represented by the recovery time. In the present study, as well as in the previous one, 14 the same recovery time was allowed (7 hours), but a complete recovery of the creep was not observed. Seven hours of rest was not enough to recover from the neuromuscular dysfunction induced by cyclic lumbar flexion 20 as well. Therefore, the length of the rest periods allowed in order to fully recover from the microdamage provoked is an important issue to be considered in future studies.
Conclusion
The results obtained in the present study provide new experimental evidence on the effect of repetitive static load on the lumbar spine from a physiologic and biomechanical point of view. In accordance with the working hypothesis addressed in the introduction section, our data confirm that increasing the number of repetitions has a significant effect on the development of CTD. The neuromuscular disorder turns out to be severe as the number of repetitions increases past a certain number: over six repetitions in this study. The rest period (7 hours) allowed is not a sufficient time to recover from the microdamage induced in the viscoelastic structures. Because there seems to be a target value above which the neuromuscular disorder becomes severe, this might have practical implications while considering many work and sport activities requiring repetitive actions (lifting loads/ weights) acting on the lumbar spine. According to our results, it appears that if the same kind of work/exercise involving the lumbar spine is repeated over a described number of times, a one-night rest might not be enough to recover from the microdamage initially provoked, and it is reasonable to state that over time the acute inflammation developed might become chronic and elicit a permanent low back disorder. Human studies are needed to identify the number of repetitions over which a CTD might develop. Finally, an optimal work-to-rest ratio necessary to limit or prevent the occurrence of CTD is yet to be established.
Key Points
• The number of repetitions of a static load on the lumbar spine is a risk factor in the development of cumulative trauma disorder. The creep developed becomes more intense as the number of repetitions increases.
• A repetition number target point seems to be established; when exceeded, the severity of the low back disorder is significantly increased.
• Seven hours of rest allowed is not sufficient to allow a full recovery from the creep developed, indicating that this is another relevant factor to be investigated in more detail.
• The knowledge of the number of repetitions capable to induce a severe cumulative trauma disorder as well as of the appropriate rest duration between periods of static load applied to the lumbar spine might be helpful in preventing the occurrence of a cumulative chronic low back disorder.
